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Peat is a common substrate used for plant cultivation. After peat is harvested, it is usually collected into stockpiles, which sometimes during the storage period can undergo self-heating. This results not only in substantial losses of material (losses of up to 50% of the substance have been reported [20] ) but also in a peat product that may inhibit seed germination and plant growth (23, 38) .
From a microbiological point of view, self-heating and the subsequent cooling period can be considered two phases with extremely different selection pressures, the first selecting for a more thermophilic community and the second selecting for a mesophilic community when the temperature drops. The usual approach to studying such transition phenomena has been to use agar plates incubated at different temperatures, e.g., at around room temperature to indicate the mesophilic community and at a higher temperature to indicate the thermophilic one (for examples, see references 22 and 37) . Although this method may have given some insights into changes in the microbial community due to temperature changes, there are several problems associated with plate counts. Besides the well-known problem regarding how representative plate counts are of the total community, it is also a quite laborious method, and one has to wait several weeks in order to maximize counts (21) . Even more problematic is the fact that plate counts do not indicate only active organisms. One cannot be certain whether a colony emanates from an active bacterial cell or from a dormant cell or from a spore. This is especially problematic after a heating period, since thermophilic organisms, at least those found in compost, often belong to the genus Bacillus (9, 34, 35) . Spores of Bacillus can survive for a long time, long after the conditions permissive for growth have ended.
One way of avoiding the problem with plate counts was tested by McKinley and Vestal (25) , who used short-term [ 14 C]-acetate incorporation into microbial lipids of compost samples incubated at different temperatures to assess the extent of thermophilicity of the microbial community. This ensured that only active organisms, capable of synthesizing lipids, were included in the measurements. However, the technique was rather laborious, since lipids had to be extracted before measurements, and furthermore, it was not possible to separate the fungal and bacterial parts of the community. The latter problem also holds for the 14 C-labeled glutamate mineralization technique used by Derikx et al. (11) to study the temperature dependence of a phase I compost.
Díaz-Raviña et al. (16) studied the relationship between temperature and bacterial activity in soil, using thymidine (TdR) and leucine (Leu) incorporation. Bacteria were extracted from the soil by a combination of homogenization and low-speed centrifugation. Incorporation rates of TdR and leucine were then assessed at several temperatures during a short period of time. This was a fast and simple way to study bacterial community response to changes in temperature. In water habitats, this method has been used several times to study temperature control of bacterial growth (for examples, see references 24, 32, 33, and 36) . Modifications of this technique have also been used to indicate bacterial community response to changes in pH (5, 6, 7, 29) or metal concentration (3, 8, 10, 13, 15, 28) .
The objectives of this study were to determine if the TdR incorporation technique could be used to monitor temperature-driven adaptations of bacterial communities in peat and to compare the TdR and leucine incorporation techniques in this respect. Furthermore, we wanted to examine the rates of changes in the development of bacterial communities at different temperatures in order to compare the effects due not only to increased or decreased temperature but also to different time periods of incubation at high temperatures before temperature decreases. Self-heating was therefore simulated by incubating peat samples at 55°C, and the reestablishment of the mesophilic community after self-heating was studied by incubation of the heated peat samples at 25°C. Growths of thermophilic and mesophilic communities were then assessed using the TdR incorporation technique.
MATERIALS AND METHODS
Peat samples and chemical measurements. The peat samples came from different Norwegian mires which were being exploited for horticultural use. All peat samples were from stockpiles on the mires and were taken 4 to 12 months after harvesting. The peat samples were either naturally self-heated (above 35°C) or not exposed to self-heating. Peat samples incubated in the laboratory studies had not previously been exposed to self-heating.
pH was measured in a peat-water suspension (1:1.5, vol/vol). Dissolved organic carbon (DOC) was measured in the water extract from the pH measurement. The C/N ratio was determined after dry combustion. Organic matter (OM) content was calculated after combustion at 550°C for 24 h. NO 3 -N and NH 4 -N levels were measured after extraction in a 2 M KCl solution. Background data for the peat samples incubated in the laboratory are presented in Table 1 . Data for the other peat samples (naturally self-heated or not) are not shown.
Extraction of bacteria from peat. Bacteria were extracted from peat using the method of Faegri et al. (18) with the modification by Bååth (2) which we adapted for peat samples. Briefly, 1 g of peat was homogenized with 20 ml of Ultra Pure Milli Q Water for 1 min at 80% of maximum speed in a Sorvall Omnimixer. The peat suspension was centrifuged at 1,000 ϫ g for 10 min. The supernatant was poured through a small amount of glass wool to get rid of floating organic particles, and the resulting bacterial suspension was divided into 2-ml portions.
TdR and leucine incorporation. The incorporation levels of labeled TdR and Leu were determined simultaneously on subsamples of the same bacterial suspension using the method of Bååth (2, 4) . The extent of isotope dilution and the distribution of radioactivity among different macromolecules were not measured. The bacterial suspensions obtained from the extractions were incubated in water baths at their respective incubation temperatures for about 10 min before the labeled substrates were added. [methyl- ) were added to 2 ml of the bacterial suspensions to final concentrations of 100 and 395 nM, respectively. The bacterial suspensions were then incubated at 3, 15, 25, 31, 45, 55, and 64°C for 26, 9, 3, 2, 1, 1, and 1 h, respectively. In some instances, temperatures of 5 instead of 3°C and 35 instead of 31°C were used. Incubation was stopped by adding 1 ml of 5% formalin. To determine the level of nonspecific labeling, controls in which formalin was added together with the labeled substrate were included in each temperature assay. Filtration, washing of filters, and scintillation counting were done as described by Díaz-Raviña et al. (16) .
Experiments. In an initial experiment, three peat samples (from Bliksrud, Killingmo, and Komnes, Norway) were incubated at 25, 35, 45, and 55°C. Ultra Pure Milli Q Water was added to increase the water content of the peat to 80% before the incubation. Bacteria were extracted after 72 h, and TdR and Leu incorporation levels were measured at different temperatures as described above.
We also tested the effect of an initial incubation of peat at 55°C for 3 days followed by a shift to 25, 15, or 5°C for 7 days. Substrate incorporation of the bacterial suspensions was then measured as described above. Two peat samples (from Killingmo and Grenimosan) were used.
In the main experiment, three peat samples (from Gjødalsmosan, Killingmo, and Komnes, adjusted to 80% water content) were incubated at 55°C for about 1 month to study the development of thermophilic bacteria. After 3 and 11 days at 55°C, samples were shifted to 25°C to simulate the cooling phase, thus introducing a selection pressure favoring mesophilic bacteria. This was done in order to compare the rates of reestablishment of a mesophilic community after a short period and a long period at elevated temperatures. The incubation temperature of the peat was reached within 1 h. At each sampling time point, bacteria were extracted and levels of incorporation of TdR at 25 and 55°C were measured. During the experiment, the peat samples were kept in autoclave bags and weighted to maintain a constant weight and avoid changes in moisture content.
In an additional test, 32 different peat samples, about half of which had been naturally self-heated to between 35 and 55°C 6 to 12 months before, were tested for bacterial activity (TdR and Leu incorporation) at 25 and 55°C. These peat samples were also characterized by pH and DOC content as described above (data not shown).
Statistics. The basic replication unit, used to calculate standard errors, was one peat sample from one stockpile from different mires. Usually two or three different peat samples were used for each experiment. However, in the main experiment only one peat sample was measured at the last time point (34 days) for samples incubated at 25°C. These data were therefore not used in further calculations.
RESULTS
Initial experiments. The TdR and Leu incorporation rates at different bacterial suspension incubation temperatures from peat incubated for 72 h at 25, 35, 45, or 55°C are shown in Fig.  1 . Leu and TdR incorporation rates were correlated to each other (r 2 ϭ 0.78, n ϭ 76 for all samples from the three peats). Except for peat incubated at 25°C, the highest incorporation rates were always achieved when the bacterial suspension incubation temperature corresponded with the peat incubation temperature.
Despite the good correlation between TdR and Leu incorporation rates, there were differences in the ratios of Leu incorporation to TdR incorporation at different temperatures (Fig. 2) . Only data points for which the activity was significantly higher than that of controls were included. Increasing the temperature increased the ratio of the Leu/TdR incorporation. This was found both when comparing the ratios at different peat incubation temperatures, where the lowest ratio was found for bacteria extracted from peat incubated at 25°C and the highest was found for bacteria from peat incubated at 55°C, and when comparing the ratios at different bacterial suspension incubation temperatures. Bacteria from peat incubated at 25 and 35°C had a nearly constant ratio of Leu/TdR incorporation at a bacterial suspension incubation temperature of 15 to 31°C, but the ratio was significantly (P Ͻ 0.01) lower at 3°C.
At the two highest peat incubation temperatures, a significant (P Ͻ 0.05) increase in the ratio was observed at the highest bacterial suspension incubation temperature. The incubation temperature of the peat samples after a period at 55°C had a large impact on the temperature dependency of the resulting bacterial communities (Fig. 3) . As a comparison, the temperature dependency curves for the initial community in peat incubated at 25 and at 55°C for 5 days are given. The last two treatments had results very similar to those obtained before (Fig. 1) . Incubating peat at 25°C for 7 days after heating at 55°C resulted in two different communities: a mesophilic community with optimum bacterial suspension in- corporation rates at 25°C and a thermophilic community with highest activity at 55°C. Incubating the peat samples at 15°C destroyed all thermophilic activity and made the recovery of mesophilic activity much slower than with the 25°C peat incubation. The optimum temperature for the bacterial suspension incorporation rate was also lower with the 15°C treatment than with the 25°C treatment. Shifting the peat sample incubation temperature from 55 to 5°C destroyed all thermophilic activity and slowed the recovery of mesophilic activity to the point that no activity at all could be detected at any bacterial suspension incubation temperature after 7 days. Only TdR incorporation rates are given, since effects on Leu incorporation rates were similar.
Main experiment. The initial experiments ( Fig. 1 and 3 ) showed that peat incubated at 25°C had virtually no activity at a bacterial suspension incubation temperature of 55°C, indicating that the initial mesophilic bacterial community was inactive at 55°C. On the other hand, peat incubated at 55°C for 72 h had very little activity at 25°C. Thus, in the main experiment we used a 25°C incubation temperature for the extracted bacterial suspensions as an indicator of mesophilic activity and a 55°C incubation temperature as an indicator of thermophilic activity.
Shifting the peat incubation temperature from 25 to 55°C at day zero resulted in all bacterial activity disappearing, both mesophilic and thermophilic. Then the thermophilic activity increased to maximum values after 6 to 10 days and then slowly decreased. The bacterial community reached maximum activity values comparable to the initial activity values in unheated peat samples and stabilized at values about half of these initial activity values after about 15 days at 55°C. The mesophilic activity remained close to zero during the entire peat incubation period at 55°C.
The mesophilic activity recovered slowly after the peat incubation temperature was shifted to 25°C (after 3 days at 55°C, as shown in Fig. 4A ). After 2 days the activity was still low, but then the mesophilic activity increased to maximum values about 7 days after the shift in peat incubation temperature. This maximum activity was lower than both the initial activity in unheated peat and the maximum activity in peat incubated at 55°C throughout the experiment. The thermophilic activity was measured at the same time as the mesophilic activity (Fig.  4A) . The thermophilic activity increased for about 4 days, reaching levels similar to those of the corresponding thermophilic activity of the peat samples incubated at 55°C throughout. Then the thermophilic activity decreased, and about 14 days after the shift from 55 to 25°C, the mesophilic activity became higher than the thermophilic one.
When the peat incubation temperature was shifted to 25°C after 11 days at 55°C, the mesophilic activity also recovered slowly (Fig. 4B ) but never reached the activity levels found after only 3 days at 55°C (Fig. 4A) . The thermophilic activity also decreased with this treatment, and after about 14 days the mesophilic activity became higher than the thermophilic one.
Because of the fresh substrate released by heat killing of the microorganisms in the peat due to the incubation at 55°C, the bacterial activity varied much over time. Thus, to be able to distinguish the selective effect of temperature from that of varying substrate availability, a temperature adaptation index was calculated (Fig. 5) . This index consisted of the log 10 ratio of TdR incorporation levels of the bacterial suspensions incubated at 55 and 25°C. A high value thus indicates a mainly thermophilic community, and a low value indicate a mainly mesophilic one. After the peat incubation temperature was shifted from 55 to 25°C, the temperature adaptation index decreased linearly with time for all three peat samples, with no differences in the slopes. There were no significant differences in the slopes of the indices for the peat samples incubated for 3 and 11 days at 55°C before the peat incubation temperature was altered to 25°C (Fig. 5) . This indicates that the length of exposure time at 55°C did not affect the rates of reappearance of the mesophilic community and disappearance of the thermophilic one. FIG. 4 . Mean TdR incorporation rates of bacterial communities in peat incubated for 3 days (A) and 11 days (B) at 55°C and then at 25°C. Time zero is the time of transfer of the peat samples to 25°C. ᮀ, activity at 25°C (mesophilic activity at the corresponding bacterial suspension temperature); E, activity at 55°C (thermophilic activity at the corresponding bacterial suspension temperature). Bars indicate standard errors (n ϭ 3).
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Self-heated peat. Leu and TdR incorporation rates measured at 25°C for the additional 32 peat samples were correlated to each other (r 2 ϭ 0.66, P Ͻ 0.001). The variations in the actual incorporation values were mainly due to pH, since peat samples with a pH below 3.2 had very low bacterial activities. Excluding these samples, there was a weak (P Ͻ 0.05) correlation between bacterial activity and DOC concentration. No bacterial activity was found at a bacterial suspension incubation temperature of 55°C, whether the peat samples had been self-heated previously or not.
DISCUSSION
Temperature relationships of single isolates, as well as of bacterial communities, do not usually show patterns of symmetry around the optimum temperature for growth. This asymmetry bears two characteristics. First, increasing the temperature above optimum decreases activity much faster than does decreasing the temperature below optimum. Second, and more important in the present study, increasing the temperature above the temperature permissive for growth will kill the organisms, while decreasing the temperature to just below the permissive temperature will make the organisms only temporarily inactive. They may immediately become active if the temperature is raised again. When the peat incubation temperature was increased above optimum for the initial mesophilic community (from 25 to 55°C [ Fig. 1 and 3] ), mesophilic activity was destroyed and did not recover for the whole period during which the peat samples were incubated at 55°C. On the other hand, decreasing the incubation temperature of the peat samples from 55 to 25°C did not immediately decrease the thermophilic activity to zero (Fig. 4) . Thus, temperature differences of 30°C might be believed to exert similar levels of selection pressure whether they are increases or decreases. This was not the case, however, and instead the direction of temperature alteration was found to be of utmost importance.
Another characteristic of the temperature asymmetry is seen in Fig. 3 , which shows that an increased temperature of incubation of the peat samples resulted in temperature relation curves with only one optimum, while a decrease in the peat incubation temperature resulted in curves with two optima. Temperature relationship curves with two optima were found to be frequent in a seasonal study of bacteria in a temperate lake, where the lower optimum was closer to the actual temperature of the lake (33) . This was interpreted as resulting from the presence of two different communities with different temperature relationships, the one with a higher temperature optimum being considered made up of survivors from earlier higher temperature conditions. Our study also indicated that one reason for temperature relation curves with two optima is that the community with the higher optimum survives under nongrowth conditions.
Although bringing the temperature slightly below the minimum required for growth did not necessarily kill the organisms, lowering it further away from the temperature range permissive for growth appeared to have lethal effects. A shift from a peat incubation temperature of 55 to 15 or 5°C rather than to 25°C destroyed the thermophilic activity completely (Fig. 3) . Also, communities with different temperature relationships appeared to be selected for, with optimum activity close to the peat incubation temperature (15 or 25°C).
The thermophilic community showed maximum activity levels after only 3 to 7 days at a peat incubation temperature of 55°C. Thermophilic bacteria are known to appear quickly, at least when grown on agar plates (1, 22, 26) . However, the actual peak activity levels were similar to the initial activity levels in the unheated peat. Regarding the mesophilic activity taking place after the peat incubation temperature was shifted from 55 to 25°C, it never became as high as in the unheated peat. This was despite the fact that the heat treatment would kill most of the microorganisms, thus releasing energy and nutrient resources for the survivors. In the present study, DOC increased by a factor of 1.5 to 3.2 with the 55°C treatment ( Table 1) . Autoclaving and fumigation, which kill soil organisms, are known to result, after reinoculation, in peak activities that are much higher than in nontreated soils (30, 31) . It has also been found that in an agricultural soil, autoclaving and recolonization resulted in TdR and Leu incorporation rates 5 to 20 times higher than preautoclaving values after 1 week (12) . One explanation for the relatively low peak TdR incorporation rates in heated peat is that toxic substances were produced during the heating of the peat. It is well known that heating or burning of soil produces compounds toxic to the microbial community (17, 19, 39) . Although the temperature used here was lower than in these studies, heat together with the high OM content of the peat may have resulted in enough toxic compounds being released to affect TdR incorporation by the bacteria. Peat, which undergoes self-heating, is known to produce compounds toxic to plants, and the toxicity increases with increasing temperatures (38) .
Although TdR and Leu incorporation rates were well correlated to each other at the different peat and bacterial suspension incubation temperatures (compare Fig. 1A and B) , lowering the bacterial suspension incubation temperature affected Leu incorporation more than TdR incorporation (Fig.  2) . This was reflected in a lower Leu/TdR incorporation ratio at low bacterial suspension incubation temperatures. This phenomenon was reported first by Díaz-Raviña et al. (16) for soil bacterial communities and later by Tibbles (36) for different aquatic bacterial communities and pure cultures of bacteria. In the present study, these observations were extended to cover not only mesophilic but also thermophilic communities, indicating that the variation in the Leu/TdR incorporation ratio as a function of temperature is a common trait. The reason for this temperature-dependent variation is unclear, but altered community composition, unbalanced growth, different nonspecific labeling of macromolecules, and substrate limitation were ruled out as explanations by previous studies (16, 36) .
The Leu/TdR incorporation ratio was affected not only by the bacterial suspension incubation temperature but also by the incubation temperature used for the peat from which the bacterial community was extracted (Fig. 2) . The higher the peat incubation temperature, the higher was the Leu/TdR incorporation ratio of the bacterial community. In this case, different abilities of different communities to incorporate Leu or TdR cannot be ruled out as the cause of this, since different communities did exist in peat incubated at 25°C and, for example, 55°C. Large shifts in the Leu/TdR incorporation ratio were also found in soils contaminated with large amounts of heavy metals (14) and appeared to be related to changes in the microbial community composition.
One unexpected result was the increase in the thermophilic activity (measured at a bacterial suspension incubation temperature of 55°C) during the 4 days following the transition of the peat samples to 25°C after 3 days at 55°C (Fig. 4A) . We have no explanation for this. It might be that some activity of the thermophilic community was still possible at 25°C and that the excess of carbon and nutrients present in the beginning of the experiment (note the increase in DOC after heating [ Table  1 ]) allowed increased thermophilic activity.
No differences between the rates of adaptation to mesophilic conditions, irrespective of the amount of time the peat samples were incubated at 55°C (3 or 11 days), were observed when the temperature adaptation indices were compared (Fig. 5) . This was despite the fact that the peat that was shifted to 25°C after 3 days at 55°C had a higher activity during the next 20 days at the new temperature than did the peat shifted after 11 days. Thus, the total activity, and presumably the turnover rate of the bacterial community, did not affect the rate of adaptation to the new temperature regimen in our study. This is in contrast to the rate of heavy metal adaptation of a bacterial community, which was slower when the activity was decreased by decreasing the temperature (13) . This difference could of course be due to the types of selection pressures, i.e., temperature and heavy metals, affecting the bacterial community differently in this respect.
The temperature adaptation index (Fig. 5 ) was a fast and sensitive way of estimating rates of changes in the bacterial community, without confounding factors like different TdR incorporation rates during the experiment due to changing energy and nutrient availability. Nedwell and Floodgate (27) used a similar temperature adaptation index with CFU counted on agar plates incubated at 10 and 20°C to show seasonal temperature adaptation of sediment bacterial communities. However, the TdR technique is much faster than plate count techniques, since the assay can easily be performed within 1 day. The variations between samples are also lower with the TdR method, since TdR incorporation is measured for more than 10 7 bacteria, while usually not more than 100 CFU can be counted on one agar plate.
The linear decrease in the temperature adaptation index (Fig. 5) indicates that it would be difficult to detect any thermophilic activity in self-heated peat after a fairly short period of time after the temperature has returned to more mesophilic conditions. A value of around Ϫ1.7 is the lowest possible value for the temperature adaptation index (using the lowest values measurable above zero for the thermophilic activity). Extrapolating from the graph (Fig. 5) , this value is reached after about 1 month, indicating that at that time no thermophilic activity will remain. This is consistent with the fact that no thermophilic activity was detected in the peat samples, which had undergone natural self-heating 6 to 12 months earlier. A temperature lower than 25°C after the self-heating phase could also be a reason for a fast disappearance of the thermophilic activity in these samples (Fig. 3) . Thus, the use of the TdR incorporation technique to monitor the development of mesophilic and thermophilic communities is a method that detects present or fairly recent activity without including dormant or dead organisms reflecting past events.
